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ABSTRACT
Grazing flow past a resonator can give rise to pronounced flow tones. A unique
experimental system has been designed and constructed to investigate tone generation
and related phenomena. The principal accomplishments of this system include the
following: isolation of the characteristics of the resonator from those of the inflow duct;
variation of the length and thereby the damping of the resonator; and alteration of the
inflow boundary'layer thickness. Design of the experimental system is described, and
selected aspects of preliminary system diagnostics are addressed, as a basis for a research
program that will pursue detailed characterization of flow tone generation.
1
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1. INTRODUCTION
1.1 OVERVIEW
The objective of this investigation is to design and test an experimental system
that will be used to further understand the nature of flow tones generated by a single side-
branch resonator that has been decoupled from the main duct. A unique test facility has
.
been constructed. This facility effectively isolates the side branch, and allows for
variation of its resonant frequency and damping yia alteration of its length. Variation of
the inflow boundary layer thickness can also be achieved. High sensitivity pressure
measurements can be taken at various lengths along the wall of the main duct, as well as
at the' dead end of the side-branch resonator. Flow visualization can be achieved by
means of a high image-density particle image velocimetry system, which will allow
determination of the structure of the shear layer past the cavity.
... 1.2 PREVIOUS RELATED INVESTIGATIONS
1.2.1 Unsteady Shear Flow
In 1880, Rayleigh used the linearized stability theory of free-shear flows to
predict the temporal amplification of disturbances for two-dimensional, incompressible,
inviscid, parallel flows. For temporal amplification, the wavenumber is assumed to be
real and the phase speed\:vill have real and imaginary components. According to the
solution for temporal amplification using the linearized stability theory, the phase speed
will. remain const~t (independent of -the wavelength of the disturbance), which is
suspect. More recently, Michalke (1964,1965) found that for experiments in which a
2
nozzle was used to generate the time-averaged velocity profile, the growth of the
disturbance is better described by a spatial theory. For the linearized stability theory of
""
spatial amplification of disturbances, the phase speed is assumed to be real and the wave
number will have both real and imaginary parts. Using Michalke's (1965) description of
the spatial amplification of disturbances normalized by the momentum thickness 8,
Bruggemann (1987) and Bruggemann, Hirschberg, van Dongen, Wijnands, and Gorter
(1989) show that according to the theory, a maximum dimensionless frequency, or
Strouhal number (Sr), can be defined as:
Sr = (~J = 0.048max U
o max
in which f is the oscillation frequency and Uo is the free-stream velocity.
Above this frequency the amplification factor goes to zero and no spatial amplification of
disturbances will occur (Figure 1.1). However, Bruggemann, Hirschberg, van Dongen,
Wijnands, and Gorter (1989) also warn that due to the nature of the flow conditions in a
side-branch resonator during lock-on, the amplification of the disturbance is predicted by
the linear theory only for a small region close to the upstream edge. Furthermore, the
vorticity quickly concentrates into discrete vortices (a highly nonlinear flow condition),
which brings into question the use of the maximum dimensionless frequency condition
shown above.
1.2.2 Self-Sustained Oscillations in Acoustic Free Systems
For the case of a shear layerimpinging upon a surface, a phenomenon known as a
self-sustained oscillation can occur. This oscillation acts as a source of flow noise, and
therefore has been the focus of many experimental investigations. Rockwell and
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Naudascher (1979) provide a review of self-sustained oscillations for various geometric
and flow configurations. These oscillations are of a highly organized nature, and rely on a
series of events, including an essential feedback mechanism, as shown t Figure 1.2.
There is an upstream propagation of disturbances from the location of impingement to the
shear layer at the location of separation, an area highly sensitive to perturbations. The
arriving perturbation induces fluctuating vorticity in the region near separation. In turn,
this disturbance is amplified in the streamwise direction between separation and
impingement, and leads to the production of organized disturbances at the point of
impingement. All of these events are part of a closed loop, which sustains the organized
oscillations. The most important mechanism in the loop is the upstream effect of the
impingement disturbances (feedback), as it ensures a correlation between the oscillations
at impingement and separation.
Depending on the flow conditions, the upstream feedback can be modeled in
various ways. For high speed gas flows, the acoustic wavelength is of the same order as
the impingement length, and the speed of the acoustic disturbance is important in
determining the delay time betwe~n disturbance at impingement and arrival of a
perturbation at separation. For low speed gas flows, compressibility does not need to be
considered, and the feedback mechanism can be viewed as essentially hydrodynamic, i.e.
it is felt instantaneously throughout the flow. In other words, the interaction between the
fluctuations at the impingement edge and the oscillation of the free shear layer at
separation can be treated as a globally coupled, incompressible system.
During self-sustained oscillations, the impingement length imposes a streamwise
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length scale on the undulating shear layer. In this case, the disturbance must oscillate
within a prescribed band of frequencies in order to sustain the oscillations. Typically the
frequency of oscillation is expressed in tenns of the Strouhal number based on
momentum thickness (Sre=fBlU) and the dimensionless length scale is defined as LIS,
where L is the impingement length (Figure 1.3). Ziada and Rockwell (1982) examined
the effects of varying LIS on the frequency and amplitude of oscillation. Self-sustained
oscillations are characterized by 'stages' of operation. Within a stage, ~/S increases,
r·
Sre decreases continuously. However, at a certain value of LIS, a jump to a higher
frequency occurs. Again, Sre decreases for increasing LIS until the next· jump in
frequency occurs.
An important aspect related to the impingement length and inflow momentum
boundary layer thickness is the requirement of a minimum value of LIS to produce self-
sustained oscillations. Ziada and Rockwell (1982) note that for values of LIS less than
29, no oscillations were observed. Rockwell and Naudascher (1979) also make note of
this phenomenon and refer to a study by Woolley and Karamcheti (1974), which explains
that the onset of oscillations is solely attributable to the streamwise growth of the shear
layer disturbance. According to their analysis, a disturbance must undergo a minimum
integrated amplification in the streamwise direction between separation and impingement
in order to yield a self-sustained oscillation. In fact, this condition sets limits in designing
flow-acoustic coupling systems; to achieve a locked-on state, the cavity length and inflow
mQmentum boundary layer thickness must be such that this condition is satisfied or the
generation of flow tones will not be achieved. However, it should be emphasized that
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even if this condition is satisfied, the Sre condition discussed in section 1.2.1 must also be
satisfied for the generation of flow tones.
1.2.3 Flo~-Acousti'c Coupling
Flow-acoustic coupling, or the generation of flow tones, can occur when a
resonator is part of a self-sustaining, oscillatory system. ill this case, the source-like
instability of the unsteady shear layer will couple with one or more modes of the acoustic
resonator. This coupling may override the feedback concept for purely incompressible
oscillations, as is outlined in Section 1.2.2. Rockwell, Lin, Oshkai, Reiss, and Pollack
(2000) summarize many investigations for various configurations of locked-on flow past
cavity configurations: jet excitation of a long (closed) organ pipe, jet-sequential orifice
plates, wake from a flat plate in a test section, cavity shear layer-cavity resonator, cavity
shear layer-long pipeline, and analogous elastic body-shear layer interactions.
During the generation of flow tones, it is necessary to generate sufficient acoustic
power to bal~ce the damping present in the system. Large values of acoustic power are
generated assuming a proper relationship is achieved between the unsteady velocity, the
vorticity field of the oscillating source, and the acoustic velocity of the resonant mQ51e of
the cavity. Howe's (1975, 1980) acoustic power (Pac) equation, for the instantaneous
acoustic power generation in a volume V is given as:
Pac =-P0 f !!ac .~xy)dv
v
in which !!ac is the acoustic velocity, y is the fluid velocity, co =V x y is the vorticity, and
Po is the mean fluid density.
1.2.4 LosseslDamping
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If a side branch is isolated from other components of the system, losses or
damping can occur in one of two ways. The first is viscothermal damping along the walls
of the resonator. Kriesels, Peters, Hirschberg, Wijnands, Iafrati, Riccaradi, Piva, and
Bruggemann (1995) define losses at the wall in the closed side branch, which are
dominated by viscothermal effects. These losses are described in terms of the damping
power (Pdamp), which is defined as:
Pdamp = LAaPac / Poco
where L is the length of the side branch, A is the cross-sectional area of the side branch,
Pac is the acoustic pressure amplitude, ~s the mean density, and Co is the speed of
sound. The damping coefficient a is related to the kinematic viscosity v, the Prandtl
number Pr, the Poisson constant y, the perimeter Lp of the cross-section, and the
frequency fl of the harmonic acoustic wave by the following expansion:
a =~p~1tflv /2Aco~+('Y-1)/~}.
The second type of loss is the transmission of acoustic power from the
termination of the side branch; it can be estimated by considering the side branch to be a
flanged pipe. Kinsler, Frey, Coppens, and Sanders (1982) provide an expression for the
transmitted power from a flanged pipe. In order to complete the derivation, the boundary
conditions and parameters must be properly defined. It is assumed that the fluid is in a
pipe of cross-sectional area S and length 1. The pipe is driven at the source x = 0, and is
terminated at x = L with a mechanical impedance ZmL' It is assumed that the waves are
planar, and the wave in the pipe can be expressed as
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p = Aei[Olt+k(L-x)] + Bei[Olt-k(L-x)]
where A and B are determined through the boundary conditions, k is the wavenumber,
k = 2n / A, and ro = 2nf . The fluid force on the termination has the relationship
F =peL, t)S,
and the particle speed is
u(L, t) = __1 fOp dt
Po Ox
Therefore the mechanical impedance at the termination can be written as
- A+B
ZmL =pocS--,
A-B
and solving for B/A yields
in which c is the speed of sound. If the open end of the pipe of radius a is assumed to
terminate in a flange, which is large with respect to the wavelength of sound,
ZmL /(PocS) can be written as
ZmL 1(k)2 . 8 k
----"=-=- a +1- a(PocS) 2 3n
The power transmission coefficient is defined as
and using the relation for ZmL for a flanged pipe defined above, the expression for B/A
becomes
B [1-~(ka)2 ]-i~ka
-=-
A [1 +~(ka)2 ]+i~ka
3n
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The power transmission coefficient is then
T = 2(ka) 2
• [l+~(I<a)' j +(3~r (ka)'
If it is assumed that ka « 1, the expression for transmitted power coefficient can be
simplified to
1.2.5 Flow-Acoustic Coupling in Single Side Branches
The phenomenon of flow-acoustic coupling in single side branches has been investigated
in a number of studies over the years. Ingard and Singhal (1976) investigated the case of
a side-branch cavity in a duct. The side branch had the same cross-section as the main
duct, and its position along the length of the duct could be varied. They found that for the
placement of the side branch close to either end of the main duct, flow excitation of the
resonant cavity modes did not occur. Also, they were able to demonstrate coupling
between various resonant modes of the side branch, and coupling between axial modes of
the main duct and the resonant modes of the side branch. Spectra of the pressure
fluctuations were obtained, and the predominant frequencies were in the range of the
expected quarter-wavelength resonant frequencies of the side branch. Under certain
conditions, however, "combination tones" could be generated corresponding to the sum
and difference frequencies of the odd multiples of the quarter-wavelength side-branch
resonance frequencies. Due to nonlinear coupling of the axial modes of the main duct and
the resonant modes of the side branch, "satellite" frequencies were observed in the
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vicinity of the resonance frequencies of the side branch. These satellites occurred at
frequencies
fs ±mfm , m=1,2,3, ...
where fs is the resonant frequency of the side branch, and fm is the axial mode of the
main duct.
Pollack (1980) investigated ajet of air grazing over a pipe mouth that was open at
one end and closed at the other end, which is analogous to the single side branch. The
flow rate was varied, and pressure spectra were obtained. The,resultant pressure peaks
agreed favorably with'theoretical predictions of the acoustic resonant frequencies and the
shear layer instability frequencies: By increasing the velocity of the jet, as many as five
sequential resonant modes of the pipe could be excited. Pollack (1980) also resolved the
"cut-in" of instability tones from turbulent tones and the "cut-out" of turbulent tones from
instability tones, which were related to flow rate for various modes of the pipe.
Ziada and BUhlmann (1992) examined the case of a single side branch attached to
a long-pipe system with dissipative silencers placed upstream and downstream of the
cavity, in an effort to reduce the effects of the acoustics of the main pipe. The
investigation of the single side branch was used as a reference for investigations of other
configurations of multiple branches. They found very low-level pressure amplitudes for
the single side branch. The amplitude of pressure pulsation in the side branch is
influenced .by the acoustic radiation from the side branch into the main pipe, and
\. .
subsequently the friction and heat losses. in the main pipe, as well as the acoustic
radiation from the terminations of the main pipe are affected. This effect is demonstrated
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by Ziada and Btihlmann (1992) using experimental data presented by Jungowski, Botros
and Studzinski (1989). Ziada and Btihlmann show that by varying the ratio of the
diameter of the main pipe to the side branch, the peak pressure amplitude is greatly
influenced. It was found that for a ratio nearing unity (equal diameters), low pressure
amplitudes were generated, but for ratios as low as 0.2, very high amplitudes were
obtained.
It is unclear whether or not the effective length of the resonator was simply the
length of the side-branch cavity or the length of the side-branch cavity plus the length of
a segment of the main duct (i.e., coupling between side branch and main duct). However,
it is shown that by varying the reflection coefficient at the termination of the main duct,
the maximum attainable pressure also varied. This can be viewed as a type of coupling
phenomena. This effect was present (but less predominant) even for the limiting case of
low diameter ratios, where the acoustic radiation into the main duct is minimized.
Bruggemann (1987) studied the features of the side-branch resonator extensively.
He stressed that damping due to both friction and radiation effects will increase with
velocity. Linear stability theory predicts that the inflow boundary layer thickness will
have a strong influence on the amplification of shear layer disturbances. Bruggemann
(1987) was able to effectively suppress the amplitude of resonance by using spoilers and
sandpaper to increase the thickness of the boundary layer. The effect of the radius of
curvature of the edges of the T-joint was considered. Also the influence of the radiation
condition at the exhaust of the main pipe on the maximum attainable pressure fluctuation
was investigated. Reflection coefficients at the termination of the main duct were
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detennined usmg a two-microphone method, and it was found that this reflection
coefficient had a very strong influence on the maximum attainable pressure fluctuation:
This suggests that, as in the case of Ziada and Biihlmann (1992), coupling occurred
between the side-branch cavity and the main duct, although Bruggemann (1987) makes
no direct mention of the effect. Some of these features are also described in the works of
Bruggemann, Hirschberg, van Dongen, Wijnands and Gorter (1989) and Bruggemann,
Hirschberg, van Dongen, Wijnands and Gorter (1991). "<-
Hofmans (1998) used a quasi-steady numerical model to study the single side
branch, along with the unsteady flow model using a numerical simulation ba~ed on
discrete vortices. Various configurations and directions of main and acoustic flow were
considered, along with differences in geoi1i.~try of the T-joint (i.e. rounded vs. sharp
comers). Hofmans (1998) compared the results of the numerical method with the
experimental results obtained by Bruggemann (1987) for the amplitude of pressure
fluctuation at the end of the side branch for a given reflection condition at the end of the
mamplpe.
In his numerical approach, Hofmans acknowledges the coupling between the
main duct and side branch when investigating the effect of the tennination condition of
the main duct. As a test for his numerical procedure, he models the resonator as the
length of the side-branch cavity plus the length of a segment of the main duct. It was
found that the results agree reasonably with the experimental results found by
Bruggemann (1987).
1;2.6 Flow-Acoustic Couplillg ill Coaxial Side Branches
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For the configuration of coaxial side branches, where two branches are positioned
across from one another on opposite sides of the main duct, very high pressure
amplitudes are attainable. Kriesels, Peters, Hirschberg, Wijnands, Iafrati, Riccaradi, Piva,
and Bruggemann (1995) studied this configuration. It was shown that the length of the
side branch has a very strong effect on the maximum attainable pressure at the end of the
side branches. This trend indicates that the losses are due mainly to viscothermal effects
along the walls of the branches. Due to coupling of the acoustic flux at the mouths of the
side branches, the radiation losses will be negligible for this configuration, which allows
for losses due to viscous damping to be isolated. Ziada and Biihlmann (1992) were able
to find similarly high pulsation amplitudes for coaxial side branches.
It is important to determine the nature of the relationship between the coaxial side
branch and the single side branch before using the results of the coaxial configuration for
insight into the single side branch. The two shear layers may couple with each other. In
the coaxial-branch setup, radiation losses are minimized, and the viscous damping can be
studied in isolation.
1.2.7 Flow-Acoustic Coupling in Tandem Side Branches
For the configuration of two side branches placed on the same side of the main
duct and separated by some distance, very large pressure fluctuations are attainable.
Much like the coaxial configuration, radiation losses are minimal due to the coupling of
acoustic flux at the mouths of the resonators. Bruggemann (1987) and Bruggemann,
Hirschberg, van Dongen, Wijnands and Gorter (1989) and Bruggemann, Hirschberg, van
Dongen, Wijnands and Gorter (1991) found that extremely high-pressure pulsations are
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attainable when the two side branches are spaced by a distance approximating half the
wavelength of the acoustic resonance.
Similarly, Ziada and Biihlmann (1992) were able to obtain large pressure
fluctuations for the tandem-branch configuration. They also considered the effect of the
distance between the branches. It was found that as the distance between the branches
was increased, the amplitude of the pressure fluctuation decreased. This is due to an
increase in the transmission of acoustic radiation, and therefore an increase of the
effective damping. These effects are accompanied by a decrease in the intensity of the
shear layer oscillation. Ziada and Biihlmann (1992) also considered the effect of detuning
the branches, by using different lengths of the side branches and an out-of-plane angle
between the tandem branches. Both of these effects could decrease the maximum
attainable amplitude of the pressure fluctuation. As for the configuration of the coaxial
side branches, the applicability of the results of tests on tandem side branches to single
side branches has yet to be determined.
1.3 CRITICAL UNRESOL VED ISSUES
(1) An adequate understanding of flow-acoustic coupling of a side branch in isolation
has not been attained. Previous studies employ geometries where the cross-
sectional areas of the main duct and side branch are nearly equal. Ziada and
Biihlmann (1992) used dissipative si1encer~ at the termination of the main duct. In
the studies by Bruggemann (1987), Bruggemann, Hirschberg, van Dongen,
Wijnands and Gorter (1989) and Bruggemann, Hirschberg, van Dongen,
Wijnands and Gorter (1991), a muffler arrangement was used at the ends of the
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/main duct. These arrangements influence the maximum amplitude of fluctuation
at the dead end of the side branch. The acoustic radiation from the side branch
into the main duct remains a factor, and hinders the ability to understand the flow-
acoustic coupling of the side branch in isolation. Ziada and Biihlmann (1992)
observed the effects of changing the ratio of the cross-sectional area of the side
branch to the cross-sectional area of the main duct, and found that as it was
decreased, large pressure fluctuations were attainable. This situation mimics an
isolated side branch, but measurements taken for this configuration are limited,
and residual coupling between the side branch and the main duct still may be
present.
(2) The onset velocity for generation of tones for air flow past a side-branch resonator
has not been characterized in relation to variations of viscous damping along the
walls of the side branch, or to the stage number of oscillation of the shear layer
past the cavity.
(3) The onset velocity for generation of tones has not been characterized for
systematic variations in the inflow boundary layer thickness. Bruggemann (1987)
showed that variations of the boundary layer thickness will affect the maximum
attainable pressure fluctuations. A more in-depth understanding is needed of the
relationship between flow tone generation and alterations of the boundary layer
thickness, when all other system parameters are held constant.
(4) The spectral content of an isolated side brffi?ch has not been extensively'
examined, i.e., the magnitudes and frequencies of predominant resonant peaks for
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varying lengths of the side branch have not been characterized.
(5) Neither pointwise measurements nor global flow visualization of the unsteady
shear layer along the mouth of the side branch have been performed. Such effects
should correlate with the instantaneous pressure measurements at the end of the
isolated side branch.
1.4 OBJECTIVES OF INVESTIGATION
The present project addresses the design and manufacture of an isolated side-branch
system. In the following, the present effort is described in relation to the physical
aspects of eventual experiments. The overall objectives are to:
(1) Design and build an isolated side-branch resonator facility, i.e. a system such
that the acoustic modes of the main duct do not couple with those of the side-
branch resonator. To effectively isolate the side branch from the main duct, side
branch lengths will be chosen such that the acoustic modes of the branch do not
correspond to the acoustic modes of the main duct. The wall opposite the mouth
of the side-branch cavity will be removed from the main duct to mlmmlze
radiation into the main duct.
(2) Investigate the spectral content ofpressure fluctuations. Along the length of the
main duct and at the dead end of the side-branch resonator, pressure transducers
will be mounted. The pressure signal at the dead end of the side branch will be
used to determine the amplitude and frequency of flow tones generated by the
resonator, and also as a reference signal for various other measurements. The
transducers mounted along the main duct will be used to analyze the spectral
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content of the pressure fluctuations along the duct, which when compared to the
spectra of the end of the side-branch resonator, will ensure that the side branch is
effectively decoupled.
(3) Investigate the effects of viscothermal damping on the nature offlow tones. The
side branches will be constructed such that the effective length of the side-branch
cavity can be varied.
(4) Investigate the effect of inflow momentum boundary layer thickness on the nature
offlow tones. The main duct will have a suction system located directly upstream
of the mouth of the side-branch cavity. This suction will provide control of the
thickness ofthe inflow momentum boundary layer.
(5) Determine the structure of the unsteady shear layer at the mouth ofthe cavity. A
hot wire traverse system will be used to take pointwise" velocity fluctuation
measurements that will allow for the determination of the phase of the shear layer.
The wall of the main duct in this region will be made optically clear to allow for
the use of digital particle image velocimetry (DPIV) for flow visualization.
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2. EXPERIMENTAL SYSTEM
The experimental system consists of essentially two subsystems: the aIr
conditioning and supply system, and the actual side-branch facility. The subsystems are
located in two separate rooms separated by a thick ceramic wall to isolate the mechanical
vibrations induced by the compressor system.
2.1 AIR SUPPLYSYSTEM
The air supply system consists of an air compressor, a compressed air plenum,
and an air-dryer and filtration unit. A schematic of the air supply system is shown in
Figure 2.1. The water-cooled air compressor provides air t~ the compressed air plenum,
in which the air is maintained at a pressure of 80-100 psig. The air exhausts from the air
plenum into the 'air dryer unit where water is removed from the air, and particles are
filtered out of the air. The air is then transmitted through the isolation wall into the room
containing the side-branch facility.
An overview of the side-branch facility is shown in Figure 2.2. A pipe-valve
system regulating the pressure provided by the compressor is located at the upstream end
of the side-branch facility. For low velocities through the main duct, the air is sent
through 12.7 rom (Yz in) pipes to a series of values and a regulator that operates at high
pressures and reduces the air input from approximately 90 psig to a range of 0 to 30 psig.
When higher velocities are needed, the air is sent through a 25.4 rom (1 in) pipe to a
regulator, which reduces the air input from 90 psig to a range of 0 to 60 psig. For either
low velocity or high velocity configurations, the air is sent from the outlet of the regulator
to a 15,240 rom (50 ft) length of 25.4 rom (1 in) diameter flexible rubber hose that
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connects to the inlet of the plenum. The length of the hose serves to dampen any acoustic
resonance caused by the geometry of the pipe-valve system. This pipe-valve system
provides a regulated and constant air supply to the inlet plenum of the side-branch
facility. A third branch of the air supply is sent to a particle atomizer, via a 12.7 mm (1/2
in) diameter pipe with an inlet valve.
2.2 SIDE-BRANCH FACILITY
2.2.1 Inlet plenum
The details of the inlet plenum of the side-branch facility are shown in Fi~e 2.3.
The inlet plenum is constructed of Plexiglas and has a diameter of 204 mm (8 in) and a
length of 618 mm (24 in). The plenum is lined with 19.1 mm (3/4 in) thick acoustic
damping foam to minimize the occurrence of localized acoustic resonances, and houses a
63.5 mm (3 in) thick layer of honeycomb to act as a flow straightener. For further DPIV
investigations air is sent from the compressor to a Thenno Systems Incorporated (TSn
six-jet atomizer (Model No. 9306) to act as a seed generator. The exhaust of the seed
generator is connected to the plenum as shown in Figure 2.2.
At the exit of the plenum, a contraction is mounted in a flange. This contraction
was developed using fused deposition modeling (FDM) rapid-prototyping ~echniques
with a contour that is used to avoid localized separation at the inlet to the main duct.
Attached to the contraction flange is a coupling flange that mates the plenum to the main
duct.
2.2.2 Main Duct
A detailed schematic of the main duct is shown in Figure 2.4, with a detail of the
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area near the mouth of the side-branch cavity shown in Figure 2.5. The main duct is
constructed of Plexiglas with an overall length of 530 mm (20.9 in). Three high
sensitivity PCB piezoelectric pressure transducers are located 25 mm (1.0 in), 203 mm
(8.0 in), and 4060 mm (16.0 in) downstream of the inlet ofthe main duct. A 45 mm (1.75
"/
in) long perforated plate is mounted flush with the wall of the main duct 384 mm (15.1
in) downstream from the inlet of the main duct, and acts as the inlet to the suction system.
The upstream edge of the 25 mm (1 in) opening to the side-branch cavity is located 454
mm (17.9 in) from the inlet of the main duct. The Plexiglas wall of the main duct has
been extended at this opening to allow for visualization of the shear layer in future DPIV
research. A Plexiglas spacer is used to mount the Aluminum side branch on the main
duct, and a pressure transducer is mounted at the junction of the main duct and the
Plexiglas spacer for use in determination of reflection coefficients. From 391 mm (15.4
in) downstream of the inlet to the exit of the main duct, the wall opposite the opening of
the side branch is missing to allow transmission of acoustic waves from the resonator,
thereby reducing the probability of the side branch coupling with the main duct. A saw-
tooth turbulent boundary layer trip is placed at the inlet of the main duct in order to create
a fully turbulent velocity profile incident upon the mouth of the cavity.
A 304 mm (12 in) main duct extension was also constructed. This extension was
fabricated to allow the inflow momentum boundary layer thickness to become large
~~ enough for future investigations, which will address the effect of the momentum
thickness on the nature of o,scillations. This main duct extension has no transducers
mounted in it. Vortex generators were mounted at the termination of the main duct in
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order to ensure there was no coupling between the resonant modes ofthe side branch and
the unsteady shear layer opposite to the mouth of the cavity.
2.2.3 Side-Branch Cavity
The side-branch cavities are constructed from Aluminum, with a 25.4 mm (1 in)
by 25.4 mm square cross section, with a 6.35 mm wall thickness. Aluminum was used to
ensure low damping. The cavities can be constructed with various lengths, which, when
taking into account the thickness of the walls of the main duct (13 mm) and the Plexiglas
spacer (13 mm), will vary the effective length of the side-branch resonator. At the end of
the Aluminum cavity is a flange. It is attached to an Aluminum end plate, which houses a
high sensitivity PCB piezoelectric transducer. This transducer is mounted in the center of
the end plate, and measures pressure fluctuations at the dead end of the side branch.
In order to determine what the proper lengths of the cavities should be, Yang
(2001) plotted the acoustic modes of the main duct and the main duct plus extension, and
overlaid these with a plot of the acoustic resonant modes for side-branch cavities of
various lengths (Figure 2.6). Using these plots, the lengths of the side-branch cavities
could be determined such that acoustic modes of the main duct do not coincide with those
of the side-branch resonator.
Originally a single side branch 914 mm (36 in) long was constructed, along with a
plunger that would be used to continuously vary the effective length of the side-branch
resonator. It was determined that the ·end condition was not rigid enough to provide
sufficiently high values of Q-factor, i.e., low values of damping. The plunger was
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therefore not further considered.
A side branch was also constructed such that Aluminum inserts of varying
thicknesses could be mounted within the Aluminum duct, thereby producing a range of
discrete values of the actual geometric length L of the cavity, as shown in Figure 2.7.
Another side branch was constructed with pressure transducers located 95 mm
(3.75 in) and 135 mm (5.31 in) away from the opening of the side-branch cavity to the
main duct as shown in Figure 2.8. These transducers, along with the transducer mounted
between the main duct and the Plexiglas spacer, can be used to determine the reflection
coefficient at the mouth of the resonator using the two-microphone method.
2.2.4 Piston Arrangement
Figure 2.9 shows the schematic of the piston that was used. The piston was
designed out of a block of Teflon material (25mm x 25mm x 25mm), in order to allow
the piston to glide through the side-branch cavity, yet still maintain a tight fit. This block
has a 15 mm through-hole to fit the transducer and wire. An Aluminum face plate with a
raised boss is attached to the block to give a rigid end condition, and a transducer is
mounted in the Aluminum plate. The raised boss allows the plate to be threaded enough
to mount the transducer, and the boss fits inside the hole bored through the block. An
Aluminum back-plate is attached to the other end of the block, with a notch cut out to
allow the transducer wire to feed through. A long rod is attached to this back-plate, and
when mounted on a translational stage, allows for continuous variation of the effective.
length of the side-branch resonator. Figure 2.10 compares the two types of dead end
conditions for the side-branch cavity: the rigid end plate and the piston arrangement.
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Although the ability to continuously vary the effective length of the resonator is
advantageous, the end condition was not rigid enough for the purposes of this
investigation. Therefore the aforementioned bolted end plate was employed for all
experiments.
2.2.5 Suction System
An important feature of the experimental facility is the ability to vary the inflow
momentum boundary layer thickness by fractional increments for a given value of inflow
velocity. This is achieved via suction through the porous plate mounted in the wall of the
main dnct. sferal different techniqnes were applied to provide the suction through the
porous p~. These include a radial flow fan system, a Venturi aspirator device, and a
I
high~capacity industrial vacuum cleaner system. After preliminary diagnostic testing, it
was determined that the use of a Shop-Vac system connected to the suction chamber
behind the porous plate is highly effective. To vary the volume flow passing through the
porous plate, and thereby vary the degree of extraction of the inflow momentum
boundary layer thickness, a traverse mechanism is used to control a gap device as shown
in Figure 2.11. Decreasing the gap between the outlet of the suction chamber and the inlet
of the Shop-Vac will increase the volume flow passing through the porous plate. The
high resolution of the traverse mechanism allows for precise control of the suction
characteristics of the system.
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3. EXPERIMENTAL TECHNIQUES
3.1 PRESSURE MEASUREMENTS
A total of four high-sensitivity PCB piezoelectric pressure transducers (Model
No. UI03A02) were used for pressure measurements. Figure 3.1 shows how the
transducers are mounted in the wall of the main duct. The signal from the transducers was
fed to a PCB Piezotronics multi-channel signal conditioner (Model 481A03). This signal
conditioner employs an adjustable low-pass filter to all channels. It also allows for the
independent adjustment of gains for each channel; however, during data collection, the
.---
gains were the same for all channels, in order to meet the specific voltage input level
requirements of the analog to digital (AID) board.
The' conditioned analog pressure signal is transmitted to four ports on a National
Instruments Board (Model PCI-MIO-16E-4). In single channel mode, this board can
operate at a maximum of 250 KS/sec, where K = 103 and S is the number of samples.
The effective sampling rate of the board is reduced by a factor corresponding to the
number of channels acquiring data. For instance, in this investigation, four channels are
'in use for pressure measurements, which corresponds to an effective acquisition rate of
62 KS/sec. It is important to note that essentially one AID converter is in use, relying on a
"multiplexing" technique to acquire data for each channel. The scan interval of the
multiplexing is defined as the time required for the AID board to record a point for
channel No.1 through the remaining three channels. When scanning through the four
channels, the maximum acquisition rate of the board is used, so that the scan interval is
then 1/(62 x 103 ) seconds, Le. 16 microseconds.
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A Pentium IT 350 MHz computer running Labview software was used to process
the signals. This Labview software is designed to perform spectral density analysis of the
signals using the Fast Fourier Transform (FFT). In using this method, there are several
important parameters to consider: (i) the sampling rate of data acquistion; (ii) the number
of samples acquired per data set; and (iii) the number of data sets which are used to
average the spectra.
The sampling rate must be such that it will accommodate the maximum frequency
of interest. The sampling rate for all data acquisition is set to 4096 sa~ples per second,
which results in a Nyquist frequency of 7048 Hz. This is well above the maximum
(
frequencies of interest for this investigation.
The number of samples per data set will affect the resolution of the frequency
,
domain in the spectra for a given sampling rate. The value of frequency resolution (~f) is
equal to the sampling rate (fs) divided by the number of samples per data set (ns). It was
determined that ~f = 0.5 Hz is adequate to resolve both the high and the low ends of the
frequency range of interest. Given the sampling rate of 4096 samples per second and the
required resolution of ~f = 0.5 Hz, it is easily determined that the number of samples
required will be 213 = 8192 samples per data set.
The use of averaging is important to eliminate the effect of noise in the spectra.
Ideally, all data obtained should be averaged 40 times; however, for the highest velocity
measurements, the pressure in the compressed air plenum drops quickly, and there is not
enough time to average 40 data sets.
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3.2 VELOCITY MEASUREMENTS
In order to measure the fluctuating velocity distributions in the region near the
shear layer, a hot-wire anemometry system is employed. The hot-wire system in use is a
Dantec miniature constant temperature anemometer with a 12 volt DC power adapter.
The probe is mounted on an x-y traverse mechanism with a linear voltage displacement
transducer (LVDT) mounted to ensure high resolution. The analoKsignal from the probe
is fed to the computer through the same AID board used in pressure measurements.
To measure the time averaged centerline velocity of the main duct urn a static
pressure tap is mounted on the side of the plenum, and ,another is mounted near the inlet
of the main duct. A Validyne pressure transducer (Model No. DP15-24) is used to read
the pressure difference between these two taps. By calibrating this pressure difference,
Urn can be determined by a reference value given by the Validyne. To calibrate the
/
/
pressure difference against the centerline velocity, a pitot tube was used to measure the
total pressure at the exit of the main duct. Another Validyne pressure transducer (Model
No. DP15-20) was used to read the total pressure.
For flow visualization purposes, the Plexiglas wall on the side of the main duct
near the shear layer was left optically clear, which allows for the use of particle image
velocimetry techniques. A camera mount was designed (Figure 3.2); it has a bracket 775
mm above the optical table. This bracket was designed to hold the CCD camera and
allow for approximately 165 mm of travel up and down. The bracket is supported on a
plate that is mounted on two support beams. These beams are placed 203 mm apart to
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allow the laser sheet from a dual-pulsed Nd:Yag laser to pass between them and into the,
area of interest.
3.3 DETERMINATION OF Q-FACTOR OF RESONATOR
In order to characterize the damping of a system, the quality factor, or Q-factor,
is used. To determine the Q-factor of the side-branch resonator, the system is excited by
broadband energy and the spectral density is determined for the pressure signal in the
dead end of the side branch. Peaks will occur at the acoustic resonant frequencies of the
cavity. To find the Q-factor the sharpness of the peaks is found by the following
relationship:
where fois the resonant ·frequency, and f1 and f2 are the frequencies below and above
the resonant frequency at which the average power is one-half the power at the resonant
frequency, as shown in Figure 3.3.
To excite the resonator, two methods were used: white noise excitation and
turbulent broadband excitation. For white noise excitation, a white noise generator sends
a signal to a loudspeaker with an amplifier. The loudspeaker is placed facing the mouth
of the cavity, approximately 100 mm away from the opening of the cavity to ensure the
inherent damping of the speaker does not affect the value ofQ (Figure 3.4). For turbulent
broadband excitation, a vortex generator was positioned directly upstream of the mouth
of the side branch to prevent the formation of coherent structures in the shear layer.
Airflow is then sent through the main duct with a mean centerline velocity that is well
below the velocity at which lock-on occurs for the first mode. The transducer at the
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dead-end of the side branch is sent through the signal conditioning described above, and
the spectral density is found via LabView software.
To determine the Q-factor efficiently, an algorithm was devised which finds .the
maximum amplitude of the spectral density and the frequency (fo ) at which it occurs.
Due to the nature of the spectral density, the frequency at which the power is one-half of
the maximum is not obvious, as noise is often present in the spectrum. The algorithm
finds the first point before the power crosses one-half the maximum power, ahd averages
this with the last point after the power crosses one-half the maximum power. This is done
below fo to find f1 , and above fo to find f2 • A basic schematic of the method is shown
in Figure 3.5. Values of Q-factor will be investigated in a futurephas~e research
program.
3.4 REFLECTION COEFFICIENTS VIA THE TWO-MICROPHONE METHOD
Bruggemann (1987) describes a method for determining the reflection coefficient
using two pressure measurements. At the mouth of the side branch, an open pipe
reflection condition exists, with a reflection coefficient R(con). This produces waves
traveling in positive and negative directions with frequency COn' For a time-independent
flow with a mean velocity U, the reflection coefficient can be determined using two
fluctuating pressure signals at two different positions Xl and X2:
where
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ei~ = p'(xJ
12 - '( )P x2
(P12 is real,p'(x 1) and p'(x2 ) are the fluctuating component ofpressure), and
(Kn± are the wave numbers of the waves traveling in the positive and negative directions,
n denotes the nth Fourier component), where K (ron) is the coefficient of damping du~ to
viscosity and heat transfer:
(v is the kinematic viscosity, Pr is Prandtl number, y is Poisson's constant, Co is the speed
of sound in the fluid at rest, Hi is the width of the duct).
To ensure the accuracy of the calculations, the transducers should be placed such
that the difference of the amplitudes of the pressure fluctuations at the two points is as
large as possible. Ideally one transducer should be placed at a pressure node and the other
should be placed at a pressure antinode.
For the current side-branch facility, a pressure node exists at the mouth of the side
branch; however, it was impossible to mount a transducer at this location, so it was offset
by 13 mm (1/2 in). For mode 1, the antinode occurs at the dead end of the side branch,
where a pressure transducer is located in the end plate. To determine the reflection
coefficients for modes 2 and 3, a side branch was constructed with two tr~ucers
,
mounted at the points where the antinode occurs for each mode as shown in Figure 2.6.
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3.5 DETERMINATION OF PHASE VARIATION IN SHEAR LAYER USING
CROSS-SPECTRAL DENSITY
In an attempt to understand the structure of the shear layer, the phase variations
along the shear layer were determined. This was accomplished by performing the cross-
spectral analysis of two signals: the hot-wire velocity fluctuations and the pressure
fluctuations at the dead end of the side branch. The hot-wire probe was positioned in line
with the mouth of the side branch. Time traces of the two signals were obtained at discrete
distances as the hot-wire probe was traversed along the streamwise length of the cavity (see
Figure 3.6). The pressure signal at the dead end of the side branch acts as a reference for the
hot-wire signals. The pressure signal is conditioned in the aforementioned method for the
pressure measurements, and the hot-wire signal is left unconditioned. Both signals were then
fed into the AID board, and LabView software was used to perform the cross-spectral
density, giving plots of cross-power phase versus frequency and cross-power amplitude
versus frequency.
Figure 3.7 shows the pressure signal at the dead end of the side branch versus time,
the fluctuating velocity of the shear layer versus time, the cross-power amplitude ofthese two
signals, and the cross-power phase of these two signals. An algorithm was devised in the
software that would determine the frequency at which the maximum cross-power amplitude
occurs, and return the value of the cross-power phase at that frequency.
Figure 3.8 shows the phase variation along the shear layer for Modes 1,2, and 3. The
physical interpretation of these phase variations, and their possible distortion by the resonant
acoustic field, is currently under consideration. In essence, the simultaneous presence of
hydrodynamic and acoustic contributions may distort the interpretation of the hydrodynamic
fluctuations, as described by Rockwell and Schachenmann (1982).
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4. CONCLUDING REMARKS
The focus of this investigation has been the design and construction of an isolated
side-branch resonator facility, which can be used to resolve the following issues: an
adequate understanding of the side-branch resonator in isolation; the effect of
f
viscothermal damping; and the effect of the inflow momentum boundary layer thickness.
This unique experiment~ system allows variation of the effective length of the side-
branch resonator, and therefore the viscothermal damping. This damping is expected to
alter the nature of flow tone generation. The inflow momentum boundary layer can be
~ varied continuously through the use of a suction system. Future investigations within this
research program will determine the effect of the inflow boundary layer thickness on the
onset oflock-on.
A traversing hot wire system has been designed. ill conjunction with a spectral
analysis technique, it allows investigation of the time-averaged phase variations along the
unsteady shear layer at the mouth of the cavity. The interpretation of the phase variations
obtained in a preliminary investigation is currently under consideration.
A system for quantitative flow visualization has been designed and constructed.
The wall of the main duct of the test section in the region of the separated shear layer is
optically cl~. A camera mount has been constructed; it will facilitate use of digital
particle image velocimetry (DPIV) to provide whole field patterns of the structure of the
shear layer.
31
5. LIST OF REFERENCES
Bruggemann, 1 C. 1987, Flow-Induced Pulsations In Pipe Systems, Doctoral
Dissertation, Technical University ofEindhoven.
Bruggemann,l C., Hirschberg, A, van Dongen, M. E. H., Wijnands, A P. J. and Gorter,
J. 1989, "Flow Induced Pulsations in Gas Transport Systems: Analysis of the Influence of
Closed Side Branches", Journal ofFluids Engineering, Vol. 111, pp. 484-491.
Bruggemann,l C., Hirschberg, A, van Dongen, M. E. H., Wijnands, A. P. 1 and Gorter,
J. 1991, "Self-Sustained Aero-Acoustic Pulsations in Gas Transport Systems:
Experimental Study of the Influence of Closed Side Branches", Journal of Sound and
Vibration, Vol. 150, pp. 371-393.
Hofmans, G. C. 1 1998, Vortex Sound in Confined Flows, Doctoral Dissertation,
Technical University ofEindhoven.
Howe, M. S. 1975, "Contributions to the Theory of Aerodynamic Sound with
Applications to Excess Jet Noise and the Theory of the Flute", Journal of Fluid
Mechanics, Vol. 71, No.4, pp. 625-673.
Howe, M. S. 1980, "The Dissipation of Sound at an Edge", Journal of Sound and
Vibration, Vol. 70, pp. 407-411.
Ingard, U. and Singhal, V. K. 1976, "Flow Excitation and Coupling ofAcoustic Modes of
a Side Branch Cavity in a Duct", Journal ofAcoustical Society ofAmerica, Vol. 60, pp.
1213-1215.
Jungowski, W. M., Botros, K: K., and Studzinski, W. 1989, "Cylindrical Side branch as
Tone Generator", Journal ofSound and Vibration, Vol. 131, pp. 265-285.
Kinsler, L. E., Frey, A R., Coppens, A. B., and Sanders, 1. V. 1982, Fundamentals of
Acoustics, Third Edition, John Wiley & Sons, New York.
Kriesels, P. C., Peters, M. C. A M., Hirschberg, A., Wijnands, A P. 1, Iafrati, A.,
Riccaradi, G., Piva, R., and Bruggemann, 1. C. 1995, "High-Amplitude Vortex-Induced
Pulsations in a Gas Transport System", Journal of Sound and Vibration, Vol. 184, pp.
343-368.
Michalke, A 1964, "On the Inviscid Instability of the Hyperbolic-Tangent Velocity
Profile", Journal ofFluid Mechanics, Vol. 19, Part 4, pp. 543-556.
Michalke, A 1965, "On Spatially Growing Disturbances in an Inviscid Shear Layer",
Journal ofFluid Mechanics, Vol. 23, Part 3, pp. 521-544.
32
Pollack, M. 1. 1980, "Flow-Induced Tones in Side-Branch Pipe Resonators", Journal of
the Acoustical Society ofAmerica, Vol. 7, pp. 1153-1156.
Rockwell, D., Lin, J. C., Oshkai, P, Reiss, M., and Pollack, M. 2000, "Shallow Cavity
Flow Tone Experiments: Onset of Locked-On States", submitted to Journal ofFluid and
Structures.
Rockwell, D. and Karadogan, H. 1983, "Toward Attenuation of Self-Sustained
Oscillations of a Turbulent Jet Through a Cavity", ASME Journal ofFluids Engineering,
Vol. 105, No. 3,pp. 335-340.
Rockwell, D. and Naudascher, E. 1979, "Self-Sustained Oscill~tions of Impinging Free-
Shear Layers", Annual Review ofFluid Mechanics, Vol. 11, pp. 67-94.
Rockwell, D. and Schachenmann, A. 1982, "Self-Generation of Organized Waves in an
Impinging Turbulent Jet at Low Mach Number", Journal ofFluid Mechanics, pp. 425-
441.
Woolley, J. P. and Karamcheti, K. 1974, "Role of Jet Stability in Edgetone Generation",
AlAA Journal, Vol. 12, pp.1456-1458.
Yang, Y. 2001, Private communication regarding the sidebranch resonator.
Ziada, S. and Biihlmann, E. T. 1992 "Self-Excited Resonances of Two Side Branches in
Close Proximity", Journal ofFluids and Structures, Vol. 6, pp. 583-601.
Ziada, S. and Rockwell, D. 1982 "Oscillations of an Unstable Mixing Layer Impinging
Upon an Edge", Journal ofFluid Mechanics, Vol. 124, pp. 307-334.
33
0.12
-a·eI
0.08 .
0.04
0.01 0.02
fe/U
0.03 0.04
I
Figure 1.1: Dimensionless amplification rate -aje versus Strouhal number based on
momentum thickness Sre=fBlU for a turbulent shear layer flow. Momentum boundary
layer thicknesses above ec result in no amplification ofdisturbance.
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Figure 1.3: Diagram showing the actual geometric length ofthe cavity (L) and the inflow
momentum boundary layer thickness (8).
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Figure 3.7: (a) Time-trace ofpressure signal at the dead end of the side branch; (b) time-
trace of velocity fluctuations of the shear layer; (c) cross-power amplitude of the two
signals, showing the dominant frequency of oscillation (f\); and (d) cross-power phase of
the two signals.
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Figure 3.8: Plot of the phase shift along the shear layer determined via cross spectral
density ofvelocity fluctuations ofthe shear layer and pressure fluctuations at the dead end of
the side branch.
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